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. N. Hadjichristidis, J. Polym. Sci. Polym. Chem. 37, 857 (1999). 23 . S. Sioula, N. Hadjichristidis, E. L. Thomas, Macromolecules 31, 8429 (1998). 24. Z. Li, M. A. Hillmyer, T. P. Lodge, unpublished results. 25 . Dynamic light scattering (DLS) data on dilute aqueous solutions of the 6-EOF samples were consistent with the cryo-TEM images. Namely, we typically observed a rather narrow distribution of relatively small micelles with hydrodyamic radii, in agreement with discrete micellar-like aggregates (Fig. 2) , as well as a population of larger hydrodynamic particles consistent with the strings shown in Fig. 3 . A description of the DLS technique and representative data ( fig. S7 ) are given in (26 Over the past 50 million years, successive clades of large carnivorous mammals diversified and then declined to extinction. In most instances, the cause of the decline remains a puzzle. Here we argue that energetic constraints and pervasive selection for larger size (Cope's rule) in carnivores lead to dietary specialization (hypercarnivory) and increased vulnerability to extinction. In two major clades of extinct North American canids, the evolution of large size was associated with a dietary shift to hypercarnivory and a decline in species durations. Thus, selection for attributes that promoted individual success resulted in progressive evolutionary failure of their clades.
The history of large (97 kg) predatory mammals is one of repeated ecological replacement (1) . The various ecomorphological roles of cat-like, wolf-like, and hyena-like predator have been filled by representatives of distinct families at different times. In general, a single subfamily or family diversified and dominated a given ecomorphological role for about 10 million years and then declined, only to be replaced by a new clade. The expansion phase is often explained as a result of key adaptations and/or ecological opportunity, but it has been more difficult to understand the decline to extinction of a formerly successful group. Here we use the recently documented and exceptionally rich fossil record of North American canids (2, 3) as a test case for studying the dynamics of extinction. The dog family Canidae has three subfamilies: the extant Caninae, the extinct Hesperocyoninae E40 to 15 million years ago (Ma)^, and the Borophaginae (34 to 2 Ma) (4). Both extinct subfamilies were endemic to North America and were very diverse in the Miocene, reaching a peak of 25 contemporaneous species approximately 30 Ma (Fig. 1A) . The fossil record of these canids is impressive and well studied, with at least 28 species of hesperocyoninines and 68 species of borophagines described (2, 3, 5) . In dental specialization and inferred diets, hesperocyonines ranged from relatively unspecialized mesocarnivores (inferred diet of small prey and plant matter) to more specialized hypercarnivores (inferred diet of large prey) characterized by enhanced shearing blades on their molar teeth (2) . The more diverse borophagines included both of these types, as well as hypocarnivores (inferred diet of more plant matter than mesocarnivores) with reduced shearing blades and enlarged grinding areas on their molars (3).
To examine trends in body size and dietary specialization in fossil canids, we relied on inferences from dental morphology. Based on the established correlation between lower carnassial tooth Efirst molar (M 1 )^length and body mass in living canids, we used M 1 length as a surrogate for body mass (6, 7) . To estimate dietary adaptations, we relied on previous studies of the correspondence between morphology and diet in canids (8, 9) . A discriminant analysis of 30 craniodental measurements on 27 species of modern canids easily separated hypercarnivores as having relatively deep jaws, large canine and incisor teeth, reduced molar grinding areas, and longer shearing blades on their lower carnassials (9) . Because fossil species are rarely represented by complete specimens, we focused on three shape indices (six measurements) that together are highly informative about canid diets, independent of body mass. These are jaw depth relative to length, the proportion of the lower carnassial devoted to shearing rather than grinding function, and the proportion of the upper carnassial and molars devoted to grinding rather than shearing (10) . Relative to hypo-and mesocarnivores, hypercarnivores tend to have deeper jaws to withstand loads imposed by killing and feeding on large prey, as well as long shearing blades and reduced molar grinding areas.
In both subfamilies, mean body mass increased substantially with time ( Fig. 1 , B and C) and within-lineage transitions to larger size significantly exceeded those to smaller size (11) . In the Hesperocyoninae, M 1 length underwent a 400% expansion over 25 million years, and it increased by 600% over 35 million years in the Borophaginae. Increase in body size was accompanied by a disappearance of small species in both groups. The role of small canid-like carnivore was then filled by the earliest members of the Caninae (3), as well as perhaps a few species of procyonids (raccoon-like carnivores) (12) .
A principal components analysis (PCA) of the three morphometric indices for 16 species of hesperocyonines for which the indices could be measured displays a diversity of forms and implies that the first principal component (PC1) can be used to infer hypercarnivorous adaptation (Table 1 The same analysis was run for 26 species of borophagines for which the three morphometric indices could be measured. Results largely parallel that for the hesperocyonines: PC1 defined an axis of hypercarnivory (Table 1 and Fig.  2A ). Specialized hypercarnivores had low negative scores on this axis and positive scores on the second. As was true of the hesperocyonines, there were within-lineage trends toward hypercarnivory. For example, the proposed evolutionary sequence of Paratomarctus to Carpocyon to Protepicyon to Epicyon to Borophagus (3) can be traced across the PCA plot, moving from right to left on PC1 and then upward on PC2, as the lineage becomes increasingly specialized for hypercarnivory Es Y v Y (w and x) Y y Y z, Fig. 2A^ .
We used PC1 score as an index of specialization for hypercarnivory and plotted it against estimated body size for each species by subfamily. The pattern is unambiguous: Larger species are more specialized for hypercarnivory as defined by their position on PC1 (Fig. 2B) . Moreover, there are no small species with adaptations for hypercarnivory as extreme as those seen in the larger species, nor are there large species with more mesocarnivorous or hypocarnivorous morphology. As mean body size increased, species evolved into specialized hypercarnivores. Arrows indicate the first appearance of species with hypercarnivorous adaptations as defined by a PCA of craniodental morphology. Body size (lower first molar length in millimeters) is plotted against time, from oldest to youngest, for species of (B) Hesperocyoninae (n 0 27, r 2 0 0.57, P G 0.001) and (C) Borophaginae (n 0 60, r 2 0 0.74, P G 0.001). Each bar spans the known species duration in the fossil record, with the symbol positioned at the midpoint. Diversity data are modified from (2, 3). Did this result in an increased susceptibility to extinction? A plot of the index of hypercarnivory (PC1 score) against estimated species durations (Fig. 3A) indicates that none of the hypercarnivorous species (solid symbols) persisted for more than six million years, whereas some more omnivorous species (open symbols) endured for as much as 11 million years. Thus, the large hypercarnivores appear to have been limited in duration relative to other species, suggesting a greater vulnerability to extinction.
The shorter species longevities of large hypercarnivores might reflect a decreased probability of fossil preservation. Because they were large and carnivorous, their population densities are expected to have been reduced relative to those of smaller species (13) (14) (15) , making them less likely to be recovered as fossils. Conversely, their greater body size, more massive bones and teeth, and presumed large geographic ranges favor fossil preservation (16, 17) . The mean frequency of borophagine species in individual fossil localities (194 occurrences) is approximately 0.02, and that of hesperocyonines (39 occurrences) is approximately 0.03 (18) . Relative abundance in a fossil sample is uncorrelated with observed species duration or body size in both subfamilies (Fig. 3B) . Based on these observed frequencies and calculating binomial probabilities (19) , it would require a total fossil sample of 500 to 2000 specimens to be 99% or more certain of recovering at least one specimen of each canid species, if present. Thus, we can regard the observed endpoints of species ranges as being accurate indicators of the true stratigraphic ranges when samples approach or exceed these sizes for the interval above and below a given observed endpoint interval. At the temporal resolution we used, the known fossil record is sufficiently rich in each of the major regions that this condition is easily met at most levels throughout the Oligocene and Miocene. Given this, we do not believe that the observed differences in species durations result from artifacts of sampling.
Because hypercarnivory and increased body size evolved in tandem within our sampled canids, it is unclear which is most responsible for the drop in species durations. Both are associated with reduced population densities, a pivotal factor in modern species extinctions (20) . Examination of the histories of each subfamily reveals that the first appearance of hypercarnivores (here defined as PC1 score G 0) occurs at the diversity peak in each subfamily (Fig. 1A) . Subsequently, each subfamily declines to extinction over the next 14 to 16 million years. In both, new species continue to appear after the diversity peak, but extinction outpaces origination and species durations are shortened, leading to progressive declines in species richness.
Cope_s rule, or the evolutionary trend toward larger body size, is common among mammals (21) . Large size enhances the ability to avoid predators and capture prey, enhances reproductive success, and improves thermal efficiency (22, 23) . Moreover, in large carnivores, interspecific competition for food tends to be relatively intense, and bigger species tend to dominate and kill smaller competitors (24, 25) . Progenitors of hypercarnivorous lineages may have started as relatively small-bodied scavengers of large carcasses, similar to foxes and coyotes, with selection favoring both larger size and enhanced craniodental adaptations for meat eating. Moreover, the evolution of predator size is likely to be influenced by changes in prey size, and a significant trend toward larger size has been documented for large North American mammals, including both herbivores and carnivores, in the Cenozoic (21). After 30 Ma, large (9100 kg) prey species were always present and tended over time to become an increasingly significant resource (26) .
Among living meat eaters, almost all species larger than about 21 kg prey on species as large or larger than themselves, whereas smaller carnivores can subsist on much smaller prey (such as invertebrates and rodents) (27) . This transition to taking larger prey seems to reflect energetic constraints imposed by tradeoffs between foraging effort and food acquired. For species 9 È21 kg, energy spent acquiring small prey is not likely to be balanced by nutrition gained (27) . Thus, as moderately carnivorous hesperocyonines and borophagines became larger, they crossed the threshold where taking big prey was favored. Based on the relation between M 1 length and body mass in living canids (6, 7), this threshold would have been crossed at an M 1 length of 18 to 25 mm. In both subfamilies, this transition was coincident with the first appearance of species with negative PC1 scores (Fig. 2B) , which our analysis suggests were hypercarnivores. To be an effective predator of large prey required additional morphological specializations such as deeper jaws, reduced dental grinding areas, and enlarged dental shearing blades. Once species reached this elevated position in the trophic chain, their vulnerability to extinction increased. Reversals to a more generalized morphology and diet were rare in these two extinct canid subfamilies (2, 3) . Consequently, selection for larger size and hypercarnivory acted as a macroevolutionary ratchet, locking them into a trend of increasingly specialized forms that resulted ultimately in clade extinction. Similar trends toward larger size and hypercarnivory have been suggested in other extinct predatory taxa, such as Permian therapsids (28) , creodonts, amphicyonids, and hyaenids (1) , and these clades may have succumbed to the same macroevolutionary ratchet. Evolution may progress in a direction that favors individual fitness but ultimately results in a lineage that is less likely to persist (29) . The risk of extinction will rise if the evolutionary trend is associated with a decline in population density and/or increased trophic specialization (given that reversals are uncommon). The same or a similar ratchet might be responsible for the decline to extinction of many formerly successful groups of organisms, especially in mammals, where Cope_s rule is often observed and species turnover rates tend to be high (21, 29) .
Basis for Structural Diversity in Homologous RNAs
Andrey S. Krasilnikov, 1 Yinghua Xiao, 1 Tao Pan, Large RNA molecules, such as ribozymes, fold with well-defined tertiary structures that are important for their activity. There are many instances of ribozymes with identical function but differences in their secondary structures, suggesting alternative tertiary folds. Here, we report a crystal structure of the 161-nucleotide specificity domain of an A-type ribonuclease P that differs in secondary and tertiary structure from the specificity domain of a B-type molecule. Despite the differences, the cores of the domains have similar threedimensional structure. Remarkably, the similar geometry of the cores is stabilized by a different set of interactions involving distinct auxiliary elements.
Ribonuclease (RNase) P is one of only two known ribozymes conserved in all taxonomic kingdoms and is responsible for maturation of the 5 ¶ end of tRNA (1, 2) . It is a multipleturnover endonuclease that contains an RNA subunit and protein components. In bacteria, the RNA subunit is capable of cleaving pretRNA without its protein partner in vitro (3, 4) . Most of the bacterial RNase Ps can be classified into two major distinct types-A and B-on the basis of the sequence of the RNA component. In both types of bacterial RNase P, the RNA consists of two independently folding domains: a specificity domain and a catalytic domain. The specificity (S) domain is responsible for substrate recognition and binding (5, 6) .
Although the RNA components of all bacterial RNase P types share many secondarystructural features throughout the molecule, there are noticeable differences (3, 4) . In particular, the S domains of the two major bacterial types exhibit differences in secondary structure that might affect the tertiary fold (Fig. 1) . Most noticeably, in the A-type RNase P, the P10.1 stem is absent and the J12/11 internal loop is interrupted by the insertion of the P13 and P14 stems, which are not present in the B type. Because the major tertiary interactions in the S domain of B-type RNase P involve the P10.1 stem (7), a substantially different fold for the A-type RNase P could be anticipated. However, biochemical data indicate that substrate recognition involves equivalent nucleotides in both types (8, 9) , suggesting similar structures for the pre-tRNA recognition region.
